Purpose: The contribution of intestinal bacterial strains (gut microbiota) in human metabolism and obesity is being increasingly recognized. The goal of this article was to provide a commentary on the clinical usefulness of these data.
INTRODUCTION
With the dramatically increasing number of patients with type 2 diabetes mellitus (T2DM), researchers are continuously attempting to identify new options for therapeutics and diagnostics. Over the past decade, an increasing amount of evidence has emerged on the relationship between the intestinal microbiome and the presence of obesity and diabetes mellitus. The microbiome of the adult human gut has not only 10 times the number of cells in our own body, 1 but it also vastly outnumbers the size of the human genome by 100 times. The intestinal microbiota provides us with physiologic capacities such as synthesis of a range of vitamins, particularly vitamins B and K. 2 Moreover, it is likely that the major role of the intestinal bacteria is based on regulation and training of our (innate and adaptive) immune system and, via this route, affects our metabolism. 3, 4 With hindsight, it is somewhat surprising that only 15 years have passed since this "external endocrine organ" started to gain acclaim as a regulator of obesity, low-grade inflammation, insulin resistance, and diabetes mellitus. Various links have been proposed between the intestinal microbiome, obesity, and altered glucose and lipid metabolism. Moreover, its role in
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low-grade inflammation and effects on energy expenditure have been increasingly recognized. [4] [5] [6] Thus, the purpose of the present review was to summarize the available clinical data and focus on the diagnostic and therapeutic role of intestinal microbiota in human glucose and lipid metabolism.
MATERIALS AND METHODS
We performed a review of the currently available articles on PubMed.
RESULTS

Energy Harvest from Diet and Obesity
A significant subset of the intestinal bacteria has the capacity to extract calories out of otherwise indigestible components in the diet 1, 7 and, in that way, influence our energy balance and metabolism. This scenario was elegantly shown by using colonization of adult germfree mice using feces harvested from conventionally raised mice; this fecal transplant induced a 60% increase in fat within 10 to 14 days, with a concomitant change in insulin sensitivity. The difference in increased fat was believed to be driven by microbial fermentation of dietary polysaccharides otherwise indigestible by the host that are broken down in monosaccharides and short-chain fatty acids (SCFAs), including butyrate. The SCFAs are thought to function both as signaling molecules by which microbes regulate transcription of host genes (epigenetic modulation), as well as mechanisms of lipid and glucose metabolism by supplying substrate for gluconeogenesis and lipogenesis in the liver. 8 In addition, function of the gut microbiome seems to be directly linked to the richness (or diversity) of bacterial strains in the intestine. In a study of obese and nonobese Danish subjects, those with low bacterial richness were found to be overall more overweight, insulin-resistant with dyslipidemia, and characterized by a more pronounced inflammatory phenotype compared with individuals having a more diverse microbiota composition. 9 Dietary intervention improves the low bacterial diversity and composition that correlate with improvement of metabolic markers such as lipids and homeostasis model assessment. 10 In this respect, the changes in bacterial diversity were associated with alterations in SCFA-producing bacterial strains. Interestingly, SCFA such as butyrate can function as a ligand for Gpr41, a G protein-coupled receptor expressed by a subset of enteroendocrine cells in the gut epithelium, thus affecting satiety, dietary intake, and postprandial glucose and lipid metabolism. Gpr41 signaling modulates the secretion of glucagon-like peptide-1, which is involved in intestinal transit time and seems to be a physiologic regulator of appetite and food intake. 11, 12 With regard to the role of Gpr41 signaling on energy balance, Samuel et al found that conventionally raised Gpr 41 -/-mice were significantly leaner and had less weight gain compared with their wild-type littermates. 13 This effect could be partly attributed to the gut microbiota; fecal transplantation studies in wildtype germ-free mice using bacteria of the human distal gut microbiota from the Gpr 41 -/-mice improved postprandial glucose metabolism via SCFA in mice.
14 Similarly, it has been suggested that bariatric Roux-en-Y gastric bypass affects dietary intake via glucagon-like peptide-mediated pathways. Indeed, transfer of the gut microbiota from Roux-en-Y gastric bypass-treated mice to wild-type, germ-free mice resulted in weight loss and decreased fat mass and altered SCFA in the recipient animals compared with recipients of feces from mice that had sham surgery. 15 Although these data underscore a role for gut microbiota and specifically SCFA butyrate in (postprandial) regulation of energy metabolism, clinical relevance is currently lacking. In this respect, we are currently investigating the effect of oral butyrate supplementation on gluconeogenesis and lipolysis in patients with metabolic syndrome.
Chronic Low-Grade Inflammation and Insulin Resistance in Obesity
Insulin resistance in obesity goes hand in hand with low-grade systemic inflammation, however the etiology of these low-grade inflammation processes remains partly unresolved. 16 A prospective study recently showed that endotoxemia is a predictor of development of metabolic syndrome and T2DM in obese subjects. 17 Dietary fats lead to an increase in the absorption and excretion from lipopolysaccharides (LPS) by intestinal/epithelial cells via increased induction of chylomicrons. LPS has an affinity for chylomicrons and seems to be co-transported along with other dietary fats. 18 When mice were fed a high-fat diet for 4 weeks, they exhibited an increased proportion of LPS-containing microbiota in the intestine and a concomitant increase of LPS in plasma. Artificially induced "metabolic endotoxemia" with intravenous LPS led to an increase in fasted glycemia, insulinemia, and whole-body, liver, and adipose tissue weight gain similar to mice fed a high-fat diet. 19 Moreover, 8 weeks of high-fat dietary intervention showed an increase in Toll-like receptor 4 (TLR4) activation, associated with ileal inflammation, and an increase in plasma LPS. 20 Similarly, knockout mice in TLR2, TLR4, and TLR5 are characterized by metabolic syndrome once they are put on a high-fat diet, underscoring the potential role of TLR in the development of metabolic syndrome. [21] [22] [23] Myeloid differentiation factor 88 (MyD88) is a central adaptor molecule for the majority of TLRs, which are the most studied pathogen recognition receptors, and MyD88 knockout mice are characterized by increased bacterial translocation. Evidence thus indicates that MyD88 plays a key role in the shaping of the microbiome and energy homeostasis via its interactions with gram-negative intestinal bacterial strains. 24, 25 Moreover, intestinal epithelial
MyD88 can also function as a sensor that regulates host metabolism via energy expenditure and SCFAs. 26 In this respect, it was recently found that postprandial dyslipidemia and endotoxemia are correlated in obese insulin-resistant subjects, underscoring the relation between intestinal-derived endotoxemia and lipid metabolism. 27, 28 Obese patients and patients with T2DM
have a moderate decrease in intestinal microbiota diversity with changes of the 2 dominant bacterial divisions, the Bacteroidetes and the Firmicutes. Moreover, metagenome-wide association studies showed that patients with insulin resistance as well as T2DM had a decrease in important butyrateproducing bacteria (Faecalibacterium prausnitzii and Roseburia species) and an increase in Gram-negative, LPS-containing pathogens such as Escherichia coli.
29
The current hypothesis is that either lysis of Gramnegative bacteria resulting in increased LPS load or direct translocation of Gram-negative intestinal bacteria subsequently triggers proinflammatory cytokines and results in insulin resistance. The reduction in SCFA-producing bacteria might facilitate bacterial translocation due to impaired intestinal barrier function, accelerating low-grade endotoxemia. This endotoxemia subsequently fuels visceral white adipose tissue (WAT) inflammation, as mice fed a high-fat diet exhibited an infiltration of large numbers of CD8 þ T cells and accumulation of macrophages in WAT. Furthermore, immunologic and genetic depletion of CD8 þ T cells diminished infiltration of macrophages and inflammation in the visceral adipose tissue of mice fed a high-fat diet. 30, 31 Because LPS has been shown to promote the accumulation of macrophages in WAT, 32 these data suggest that an altered (trained) innate immune response of macrophages might be crucial in the development of bacterial translocation and subsequent chronic inflammation. 33 In this regard, it is noteworthy that the DNA of intestinal bacteria has been found in mesenteric visceral adipose tissue of mice fed a high-fat diet. Indeed, bacterial DNA load in plasma was shown to be an independent marker of development of T2DM. 34 These results thus suggest a causal connection between malfunctioning of the innate immune system and development of metabolic syndrome; however, human data are still lacking.
Causal Role of Gut Microbiota in Glucose and
Lipid Metabolism: A Role for SCFA?
As described earlier, insulin resistance is correlated with obesity and low-grade inflammatory conditions attributed in part to changes in intestinal microbiota. However, the question remains whether these changes are causal or merely a consequence of obesity. Causal evidence comes from mouse studies; 1 of the earliest metabolic studies of germ-free mice indicated that fecal transplantation using stool harvested from conventionally raised mice induced weight gain and increased insulin resistance within 14 days. 8 A follow-up study showed that when fecal microbiota was transplanted from adult female twin pairs discordant for obesity into germ-free mice, it induced a phenotype in the murine recipient similar to that of the fecal donor. Furthermore, cohousing mice harboring an obese twin's microbiota with mice containing the lean co-twin's microbiota prevented the formation of the obesity-associated phenotype. 35 We recently reported a similar effect in humans showing that in obese male subjects with metabolic syndrome, fecal microbiota transplantation from lean donors induced improved insulin sensitivity and lipid metabolism by increasing SCFA-producing bacterial strains both in the small and the large intestines. 36 In this respect, it is interesting to note that intestinal microbiota promote absorption of dietary lipids from the intestinal lumen by intestinal lipoprotein lipase inhibition via the expression of ANGPTL4. 8 Another way to dissect causation from causality is to study the effect of antibiotics on gut microbiota composition. Insulin-resistant ob/ob mice treated with norfloxacin and ampicillin had significantly affected fasting glycemia as well as oral glucose tolerance test results. Similarly, we found that in obese male subjects with metabolic syndrome who were randomized to receive either 7 days of amoxicillin (targeting Gramnegative/anaerobic bacteria) or 7 days of vancomycin (targeting Gram-positive bacteria), deterioration in insulin resistance was seen in the vancomycin group but not in the amoxicillin group. The reduction in insulin resistance was associated with a concomitant decrease in secondary bile acids (a by-product of intraluminal bacterial dehydroxylation of primary bile acids) and a markedly decreased population of SCFA-producing bacteria within the Firmicutes phylum. 37 Apart from their role in lipid absorption and cholesterol homeostasis, bile acids seem to play an important regulating role in metabolism by functioning as signaling molecules. Among their signaling targets are TGR5 (activated by secondary bile acids) and the nuclear receptor farnesoid X receptor. 38, 39 Murine studies have shown that secondary bile acid-induced TGR5 signaling increases energy expenditure in brown adipose tissue via activation of 2 iodothyronine deiodinase, mediated by increasing the production of cyclic adenosine monophosphate. 40 TGR5 also directly affects secretion of glucagon-like peptide-1, 41 an incretin that improves postprandial glucose handling. 42 Another factor that affects incretin release are SCFAs. 12 Based on stable isotope fluxes, it is estimated that SCFA turnover accounts for 7% of total resting energy expenditure, with an approximate production of 8 g per day of SCFA butyrate in the intestine. 43 The SCFA produced may serve as an energy source for the intestinal epithelium and the liver, as they are absorbed and transported mainly via the portal vein. Stable isotopebased studies in mice showed that the gut-derived SCFAs acetate, propionate, and butyrate play important roles as substrates for glucose, cholesterol, and lipid metabolism. 44 The SCFAs propionate and butyrate have the ability to activate intestinal gluconeogenesis (IGN). Butyrate can increase IGN directly via an increase in cyclic adenosine monophosphate. Propionate, conversely, increases IGN via a gut-brain neural circuit involving GPR41 signaling. 45 Increased IGN leads to increased glucose concentration in the portal vein, which results in decreased hunger and food intake. 46 Reduced intestinal levels of SCFA with a subsequent increase in indigestible carbohydrate excretion in the feces were found in germfree-raised mice, demonstrating a crucial role of intestinal bacteria in the production of these SCFAs.
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Obesity is also associated with a reduction in the SCFA butyrate-producing Akkermansia muciniphila strain in the intestine, whereas oral gavage with A muciniphila improved low-grade inflammation, the gut barrier, and gut peptide secretion. 48 Thus, modulation of the gut microbiota (by an increase in the Akkermansia species population) may contribute to the antidiabetic effects of metformin, thereby providing a new mechanism for the therapeutic effect of this agent in patients with T2DM. 49 Finally, the gut microbiota modulates brown adipose tissue activation, as the absence of gut microbiota stimulates both hepatic and brown adipose tissue lipolysis while inhibiting lipogenesis. 50 These findings are in agreement with data showing that pure supplementation of butyrate can prevent fat accumulation in the liver and subsequent insulin resistance in mice. The mechanism of butyrate action may be related to promotion of energy expenditure and induction of mitochondrial uncoupling. 51 It is thought that the NLRP6 and NLRP3 inflammasomes and the effector protein interleukin-18 negatively regulate fatty liver disease (nonalcoholic fatty liver disease/ nonalcoholic steatohepatitis progression), as well as multiple aspects of metabolic syndrome via modulation of the gut microbiota. Various mouse models revealed that inflammasome deficiency-associated changes in the configuration of the gut microbiota are associated with exacerbated hepatic steatosis and inflammation through influx of TLR4 and TLR9 agonists into the portal circulation, leading to enhanced hepatic tumor necrosis factor-α expression that drives the progression of nonalcoholic steatohepatitis. 52 Clearly, the effects of the intestinal microbiota on host metabolism are complex, and the quantitative contribution of the bile acids SCFA and as-yet unknown bacterial metabolites must be established.
DISCUSSION
There are many ways to further study causality and magnitude of the metabolic effects of the intestinal microbiota and translate these findings into clinical therapeutics. An attractive option is the prospective collection of fecal samples in otherwise healthy subjects, of whom a substantial amount will convert from obesity to metabolic syndrome; this topic was studied in the HELIUS (Healthy Life in an Urban Setting) study (Stronks, 2013) . From a more therapeutic angle, one might consider replenishing missing intestinal bacterial strains to efficiently process dietary compounds such as protein and carbohydrates, which are known to affect postprandial glycemic profiles in insulin-resistant subjects (Belinova, 2014). Conversely, supplementation of specific intestinal bacteria or their metabolites (including sodium butyrate) might beneficially influence metabolism and thus reverse insulin resistance and increase energy expenditure; a study on this topic is ongoing at our department. Finally, using targeted vaccination to boost the immune system against intestinal microbiota may be a novel therapeutic option for the regulation of metabolism and the prevention of cardiometabolic disease. Further research in humans is needed to confirm the causality of intestinal microbial strains in human metabolism, but even more importantly, experimental findings on correlations between microbial communities and specific cardiometabolic phenotypes should be corroborated by more detailed mechanistic investigations and, ideally, therapeutic intervention studies in humans. 
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